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Introduction
The functional diversity of cellular membrane compartments in eukaryotic cells requires that distinct membranes have distinct recognizable surface compositions, comprised of lipid headgroups that are presented to targets in the cytoplasm. Phosphoinositides are phosphorylated derivatives of phosphatidylinositol, which vary in the number and arrangement of additional phosphate residues around the six carbon inositol ring headgroup [1] . This group of lipids is a minor constituent of most cell membranes, yet has important signaling roles and is required for many cellular processes, including endocytosis, autophagy, remodeling of the actin cytoskeleton, cell growth, and proliferation [2] . Seven phosphoinositides have been described in many divergent eukaryotes, with all combinations of one, two or three phosphates in the 3, 4 and 5 positions of the inositol ring. These seven species have distinct functions and cellular distributions [1] , some of which are reviewed in other chapters of this volume. This chapter addresses the functions of PI(4,5)P 2 , which in most cells is the most abundant phosphoinositide with about one mole percent of the plasma membrane (PM) lipid [3] . PI(4,5)P 2 interacts with diverse proteins, in many cases acting to regulate membrane remodeling and trafficking events and in other cases binding or directly regulating specific proteins such as small GTPases and ion channels. This phosphoinositide also acts as a metabolic hub, in that it has multiple routes of synthesis and metabolism and in particular is the substrate for two important signaling enzyme families, Phospholipase C (PLC) and Phosphoinositide 3-Kinase (PI3K).
Routes of PI(4,5)P 2 Synthesis and Cellular Localization
Several enzymes produce PI(4,5)P 2 , with the major route of synthesis seemingly mediated by the PIP5K group of phosphoinositide kinases ( Figure 1 ), that phosphorylate PI(4)P [4] . An alternative route of synthesis is from PI(5)P by the PIP4K enzymes. However, cellular levels of PI(5)P are usually far lower than those of PI(4)P, and current data imply that the function of the PIP4K enzymes is more dedicated to the removal of PI(5)P than the generation of PI(4,5)P 2 [5, 6] . PI(4,5)P 2 is also produced by dephosphorylation of PI(3,4,5)P 3 by PTEN. However, since most, if not all, PI(3,4,5)P 3 is produced by class I PI3K from the far larger cellular PI(4,5)P 2 pool and turns over rapidly, it seems unlikely that the action of PTEN generates functionally significant pools of PI(4,5)P 2 . The three isoforms of PIP5K that generate PI(4,5)P 2 have overlapping but distinct cellular distributions. All are enriched on the PM, but additionally, PIP5Kα is enriched at sites of membrane remodeling such as lamellipodia and nascent phagosomes, PIP5Kβ, at perinuclear vesicles and at least one spliced form of PIP5Kγ, at focal adhesions and epithelial cell-cell junctions [4, [7] [8] [9] .
Several experimental approaches show that most cellular PI(4,5)P 2 is located in the PM [10] [11] [12] , and several functions of PI(4,5)P 2 imply that the lipid acts as a defining marker for the cell plasma membrane environment. In accordance with this concept, evidence shows that PI(4,5)P 2 is rapidly metabolized during endocytosis as membrane is internalized [13, 14] . There has also been accumulating support for models in which PI(4,5)P 2 (and other lipids) are clustered into small PM microdomains [15] [16] [17] . However, the most enigmatic data regarding PI(4,5)P 2 localization imply the existence of a small lipid pool in the nuclear matrix [12, [18] [19] [20] [21] . The functions of this and other nuclear phosphoinositide pools and even their physical environment are unclear [18] .
Direct PI(4,5)P 2 -Mediated Regulation of Protein Function and Membrane Recruitment
Many proteins have been identified that bind to PI(4,5)P 2 with various degrees of selectivity. In some cases, binding is mediated by dedicated lipid-binding domains, such as the Pleckstrin Homology (PH) domain of PLCδ1 or the eponymous Tubby domain from the human Tubby protein [22] . In the case of PLCδ1, it is likely that the PH domain allows competitive binding between PI(4,5)P 2 and the PLCδ1 product, Ins(1,4,5)P 3 [11, 23] . However, in many other cases, selective binding to the relatively abundant and highly charged PI(4,5)P 2 lipid is provided simply by short stretches of amino acids rich in basic residues [24, 25] . This relatively selective interaction of PI(4,5)P 2 with polybasic stretches has been identified in many ion channels, the C-termini of a number of small GTPases, many actin-binding proteins and the PTEN tumor suppressor phosphatase [24, 26, 27] .
These PI(4,5)P 2 -polybasic interactions depend not only upon electrostatics but also a precise spatial coordination of the lipid phosphate groups [28, 29] . The simplest initial interpretation of protein binding to PI(4,5)P 2 suggests a role in PM recruitment, in particular for the small GTPases, in which a polybasic motif is often combined with a membrane-targeting lipid modification such as prenylation [24] . However, for some proteins, a more complex interaction affects both localization and activity, for example the actin binding protein, ezrin, and PTEN [26, 30, 31] .
PI(4,5)P 2 as a Platform for Plasma Membrane Based Lipid Signaling
The PM of eukaryotic cells is the key location that mediates cellular responses to the extracellular environment. PI(4,5)P 2 serves as a substrate for two families of enzymes that are acutely activated in response to extracellular stimuli via cell surface receptors, namely phosphoinositide-specific PLC and phosphoinositide 3-kinase (PI3K).
7.1.3.1 Phosphoinositide-Specific Phospholipase C-PI(4,5)P 2 is the only phosphoinositide that is efficiently cleaved by PLC to form diacylglycerol (DAG) and Ins(1,4,5)P 3 , and both cleavage products have significant, independent signaling roles ( Figure 1 ) [32] . The best recognized roles for these PLC products are the ability of Ins(1,4,5)P 3 to promote the release of calcium ions from intracellular stores and the recognition of membrane localized DAG by modular C1 domains. Notably, the presence of both tandem C1 domains and a calcium-responsive C2 domain in some members of the Protein Kinase C family, underpins the roles of these enzymes as downstream mediators of signaling initiated by PLC cleavage of PI(4,5)P 2 [33] . Humans have 13 different PLC genes, which through alternative splicing, encode a very large number of enzyme isoforms that share a conserved catalytic region [34] . The structural diversity of these multi-domain proteins allows the activation of PLC by several different classes of cell surface receptors, including many G protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs). Indeed, it seems likely that more cell surface receptors couple to PLC than to any other intracellular receptor-activated signal transducer [32, 34] . The biological responses to PLC activation are almost always mediated by large changes (>10-fold) in the concentrations of DAG and Ins(1,4,5)P 3 , which are present at much lower concentrations in cells than PI(4,5)P 2 . In most cases, PLC activation only modestly reduces cellular PI(4,5)P 2 levels. However, maximal activation of receptors that very strongly activate PLC, such as the PAR-1/Thrombin receptor, can transiently deplete PI(4,5)P 2 levels by as much as 75%. Even in such cases, PI(4,5)P 2 pools recover within tens of seconds or at most a few minutes [35] . However, there is evidence, albeit controversial, that spatial segregation of PI(4,5)P 2 pools can result in the local depletion of PI(4,5)P 2 by PLC and the selective regulation of targets such as ion channels [17, 36] . 7.1.3.2 Class I Phosphoinositide 3-Kinase-The phosphorylation of PI(4,5)P 2 by the class I PI3K generates the signaling lipid, PI(3,4,5)P 3 . Similar to PLCs, PI3Ks have low basal activity, but can be acutely activated by several classes of cell surface receptors. PI3K is most strongly activated by RTKs, in particular the insulin receptor and many growth factor receptors as well as some cytokine and chemokine receptors. Humans have 4 catalytic PI3K isoforms, each of which is approximately 110 kDa in size. They exist in cells as heterodimers, bound to one of several regulatory subunits. These catalytic isoforms differ in the receptor classes by which they are activated, with some activated by tyrosine kinase linked receptors (p110α and p110δ), p110γ activated by GPCRs and the p110β isoform activated by phosphotyrosine-based recruitment or GPCRs [35, 37] . The PI3K signaling system has been intensively studied because it is a strong driver of cell proliferation, growth and survival, along with associated changes in metabolism. The PI3K pathway is also activated in many, perhaps most, cancers [38] . One mechanism of oncogenic activation is via mutations that activate PI3K activity either directly or by the activation of upstream proteins that themselves stimulate PI3K, such as RTKs or Ras. Another, similarly significant mechanism by which PI3K pathway activation occurs in tumors is loss of function of the PI(3,4,5)P 3 phosphatase, PTEN. This tumor suppressor protein will be the focus of the rest of this chapter, as it is an excellent example of PI(4,5)P 2 regulation, i.e., promoting PTEN activity on the plasma membrane by localizing and directly activating the phosphatase.
PTEN: A Lipid Phosphatase and PI(4,5)P 2 -Binding Protein
PTEN is a phosphatidylinositol phosphate (PIP) phosphatase that is specific for the 3-position of the inositol ring [39] . Even though PTEN can dephosphorylate PI(3)P, PI(3,4)P 2 , and PI(3,4,5)P 3 in vitro [40] , it is likely that PI(3,4,5)P 3 is the principal substrate in vivo.
PI(3,4,5)P 3 affects many cellular processes by inducing phosphorylation and activation of the Akt kinase . In addition, PTEN may dephosphorylate itself [44] .
PTEN has two major structural domains, the phosphatase and C2 domains (Figure 2 ) [45] . The C2 domain binds anionic lipids, such as phosphatidylserine (PS), independent of Ca 2+ . In addition, there is a PI(4,5)P 2 -binding domain at the N-terminus and the phosphatase domain binds the substrate, PI(3,4,5)P 3 [26, 40, 46] . There is a C-terminal tail that when phosphorylated, negatively affects phosphatase activity by binding to the C2 and phosphatase domains [47, 48] . Finally, the C-terminus includes a PDZ ligand sequence that binds to linker proteins with PDZ domains [49] .
In functional terms, PTEN is a unique protein with many critical functions [50] . PTEN is the second most commonly mutated protein in human cancers [51] . PTEN mutations are associated with autism and macrocephaly . In the plant Arabidopsis, PTEN is required for pollen maturation [59] . In the slime mold Dictyostelium discoideum, PTEN accumulates at the trailing edge of migrating cells and is required for chemotaxis [60] . Honeybee PTEN plays a role in nutrient sensing and queen-worker differentiation [61] . Finally, a PTEN homolog in Caenorhabditis elegans worms regulates aging [62] .
Given that PTEN plays a role in so many processes, a natural question is whether the PTEN signaling pathways can compensate when something goes wrong with the phosphatase. Mice with one, but not two, PTEN gene knocked out are viable [63] . However, these mice develop a lymphoid hyperplasia and autoimmune disease and display enhanced tumor formation as they age [64] . In fact, substitution of one PTEN gene with a mutant gene with partial activity is sufficient to enhance tumor formation. This result mirrors Cowden's disease in humans born with one intact PTEN gene develop multiple hamartomas [65] .
Can we compensate for a deficit in PTEN activity? Because PTEN mostly exists as a phosphorylated proenzyme-like protein with a closed conformation in the cytoplasm [47, 66] , it may be possible to activate this reserve pool of soluble PTEN. We are just beginning to understand the equilibrium between soluble and membrane-bound PTEN [67, 68] . A better understanding of the binding of PTEN to PI(4,5)P 2 in membranes may allow us to activate PTEN and, thereby, reduce the risk of tumor recurrence.
Anionic Lipids and PTEN Phosphatase Activity
Interactions with cell membranes, notably the PM, likely regulate PTEN phosphatase activity by several mechanisms. Binding of PTEN to biological membranes is dominated by anionic lipids, including PS and PI(4,5)P 2 [45, 69, 70] . First, anionic lipids recruits PTEN to the surface of the membrane, where it can laterally diffuse until it encounters the substrate, PI(3,4,5)P 3 , and hydrolyzes several molecules before returning to the cytoplasm [67] . PI(3,4,5)P 3 is present in very low quantities in the membrane and, hence, in the absence of PS and PI(4,5)P 2 , would be unlikely to mediate the initial membrane binding. Furthermore, anionic lipids influence the dissociation rate from the membrane. Compared to individual anionic lipids, the combination of PS and PI(4,5)P 2 leads to much longer membrane residency [71] . Second, binding of PI(4,5)P 2 to the PTEN N-terminal domain increases phosphatase activity [26, 48, 72] . These studies were carried out with short chain PI phosphates used below their critical micelle concentrations. PI(4,5)P 2 , and to a lesser degree PI(5)P, activated the phosphatase activity [26] . Another interfacial enzyme, phospholipase A 2 , also undergoes conformational changes upon membrane binding . Myotubularin is a PIP phosphatase that dephosphorylates PI(3,5)P 2 [76] . It is intriguing that similar to PTEN, the product, PI(5)P, activates myotubularin. Anionic lipids may also create asymmetric distributions of PTEN. Devreotes and coworkers showed that PTEN is localized in the trailing edge of migrating cells [77] . Also, the distribution of anionic lipids is dynamic and can be perturbed by physiologic processes, such as phagocytosis in macrophages [78] .
PTEN Binding to Anionic Lipids and Its Function in Creating
Phosphoinositide Gradients in Cells PTEN binds to the membrane through at least two major lipid binding sites: PTEN's Nterminal end binds to PI(4,5)P 2 , while a stretch of basic amino acids in the CBR3 loop of the C2 domain interacts with PS in a Ca 2+ independent manner. Binding of anionic lipids, particularly PI(4,5)P 2 , can principally contribute to PTEN membrane association, however, binding of PI(4,5)P 2 to the phosphatase active site must be weak enough so that PI(4,5)P 2 can be easily replaced by PI(3,4,5)P 3 and the produced (or previously bound) PI(4,5)P 2 can be cleared out of the active site.
PTEN's N-terminal end preferentially interacts with PI(4,5)P 2 , i.e., binding to other phosphoinositide derivatives, including those that carry a similarly high negative charge like PI(4,5)P 2 , (PI(3,5)P 2 , PI(3,4)P 2 , or PI(3,4,5)P 3 ) [79] , is significantly weaker [29] . This observation suggests that the interaction between PI(4,5)P 2 and PTEN's N-terminal end involves both electrostatics and hydrogen bond formation, apparently, requiring a distinct phosphoinositide headgroup geometry. It has been found that the interaction of PTEN's Nterminus and PI(4,5)P 2 triggers a conformational change towards slightly increased α-helical secondary structure elements. At first glance one might expect that this structural change is localized at PTEN's N-terminal end, however, infrared spectroscopy measurements utilizing a peptide derived from PTEN's N-terminal end that exhibits the same PI(4,5)P 2 binding preference as the full length protein showed that this part of the PTEN protein in all likelihood remains unstructured upon interaction with PI(4,5)P 2 [29] .
A truncated PTEN protein did not show activity towards PI(3,4,5)P 3 embedded in a lipid bilayer [26] , consistent with in vivo experiments that showed reduced or no membrane association [46] and with in vitro measurements that showed strongly reduced binding to PC/PI(4,5)P 2 mixed vesicles. PTEN [12] [13] [14] [15] [16] (NKRRY) is highly conserved across different species and among various phosphoinositide phosphatases, such as Ci-VSP, TPTE and TPIP (Ciona intestinalis Voltage Sensing Phosphatase, Transmembrane phosphatase with tensin homology, and TPTE and PTEN homologous inositol lipid phosphatase). In addition, the cancer relevant K13E PTEN mutant does not bind to PI(4,5)P 2 -containing model membranes [29] . It appears that not only the proper lipid headgroup geometry is an important factor for the interaction between PTEN and phosphoinositides, but that this distinct headgroup geometry requires an equally distinct amino acid sequence (i.e., reversing the sequence of adjacent amino acids affects binding; Redfern, Ross, Gericke, unpublished results). It is likely that R11 and K6 participate in the binding, however, it is unresolved whether these amino acids merely provide a suitable electrostatic environment or participate more directly in the binding event.
The C2 domain has been shown to interact with PS through a lysine-rich string of amino acids (PTEN residues 259-269) in the CBR3 loop. Alanine mutations of lysine residues in this region led to a significantly reduced binding of PTEN to PS-containing model membranes [69] . It is important to note that the interaction of PTEN with PS (C2 domain) and PI(4,5)P 2 (N-terminal end) is synergistic rather than competitive [29, 71] .
PTEN association with the membrane is dynamic. Single molecule TIRF microscopy measurements [67] showed the enzyme binds to the membrane for a few hundred milliseconds, which is a time frame that allows the protein to dephosphorylate several PI(3,4,5)P 3 molecules. The mechanisms (or reasons) that cause the protein to dissociate from the membrane are largely unknown at this point.
While mutations in these primary lipid-binding modules lead to a reduced membrane association, other mutations have been reported to increase lipid binding and membrane association. The autism-related H93R PTEN mutation exhibited in in vitro experiments enhanced binding to PS containing (but not PI(4,5)P 2 ) model membranes [71, 80] and in vivo experiments revealed a significantly increased PM localization in comparison to wildtype PTEN [80] . Surprisingly, this enhanced membrane association did not translate into increased overall activity, but rather the opposite was observed. Similarly, the PTEN E307K mutant was present in higher concentrations in the membrane fraction, however, also in this case, this enhanced membrane association did not translate into an overall higher activity (the activity was largely unchanged in comparison to wild type PTEN) [72] .
PI(3,4,5)P 3 has been associated with cytoskeletal rearrangements and the PI3K/PTEN enzyme system has been found to play an important role in the regulation of phosphoinositide gradients in migrating cells and during cytokinesis [81, 82] . The Devreotes group investigated the role of PI(3,4,5)P 3 gradients in chemotaxis [77, 83, 84] . For migrating D. discoideum cells, they found elevated PI(3,4,5)P 3 levels at the leading edge of the migrating cell, while at the trailing end PI(3,4,5)P 3 levels were depleted. Correspondingly, PI3K and PTEN accumulated at the leading edge and trailing end of the cells, respectively. This functional role of PTEN was mirrored in HL60 cells, a cell line that can be differentiated in neutrophil-like cells in vitro [85] . However, pten −/− neutrophils did not show elevated PI(3,4,5)P 3 levels. In this case, the 5-phosphatase SHIP1 (SH2 domain containing inositol 5-phosphatase 1) was found to be essential for maintaining the PI(3,4,5)P 3 gradient [86] .
Phosphorylation/dephosphorylation at the C-terminal end (S380, T382, T383, and S385) has been identified as an important regulator for PTEN's competency to bind to membranes. Vazquez et al. [47, 66] proposed a phosphorylation-dependent open/closed model for PTEN. In this model, which was recently verified by Radhar et al. [68] , the phosphorylated Cterminal end folds back onto the phosphatase domain, presumably with one of the phosphorylated amino acids acting as a pseudo-substrate. Independent of tissue, it appears that almost all cellular PTEN is phosphorylated on some or all of these residues [87, 88] and (Maccario and Leslie, unpublished).
Voltage-Sensitive Phosphatases
Voltage-sensitive phosphatases (VSP) and PTEN may be regulated by related mechanisms [89] . The VSP from the sea squirt Ciona intestinalis (Ci-VSP) (mentioned above) was the first member of this family to be characterized. This protein has a voltage-sensing domain and PTEN-like phosphatase domain with 5'-phosphatase voltage-dependent activity [90] . Remarkably, a hybrid protein with the Ci-VSP voltage-sensing domain and human PTENlike phosphatase domain show voltage-dependent phosphatase activity [91] . Furthermore, the linker region appears to play a critical role in this regulation [92, 93] , as it may bind PI(4,5)P 2 , followed by a voltage-dependent conformational change in the Ci-VSP phosphatase domain [94, 95] . A detailed comparison of the regulation of PTEN and Ci-VSP may allow us to better understand both enzymes.
Structure of Membrane-Bound PTEN
Attempts to enhance PTEN activity are hindered by the paucity of data on the structure of membrane-bound PTEN. The structure of membrane-bound peripheral proteins are difficult to obtain on physiologically relevant, thermally disordered membranes, because x-ray crystallography is not compatible with the disordered state of the membrane. NMR techniques only provide a window into local contacts, making it difficult to investigate large protein-membrane complexes. However, neutron reflectometry (NR) [96] of PTEN bound to substrate-supported bilayers recently provided a first glimpse into the interaction of this phosphatase with bilayer surfaces and has led to a low-resolution structure [71] . This structure has subsequently been refined and characterized in more detail with all-atom MD simulations (Shenoy et al., submitted).
An interesting new twist on the membrane binding of PTEN comes from a recent report by Huang and coworkers [97] who presented evidence that SUMOylation of the protein is essential to recruit the phosphatase to the membrane. There are two SUMOylation sites, K254 and K266, but the K266 site is more influential. They carry out MD simulations of a PTEN-SUMO hybrid in solution from which they suggest that SUMO acts as an electrostatic adhesion promoter. Despite an impressive amount of data, there remain several important questions. First, bacterial recombinant PTEN lacking SUMOylation binds to membranes and is active [29] . Moreover, two K266 mutants showed normal activity in a U87MG cell model [98] . Second, even though they conclude that the SUMOylation is essential for tumor suppressor activity, there are no cancer-associated mutations of SUMOylation site K266 in the Sanger Center Cosmic Database (http://www.sanger.ac.uk/ genetics/CGP/cosmic/). Third, we have carried out extensive MD studies of PTEN and anionic membranes (Shenoy et al, submitted) and find PTEN-membrane interactions consistent with our binding studies and NR analysis, i.e., these simulations suggest PTEN readily associates with the membrane surface without a SUMO modification. Resolution of this controversy requires additional biophysical characterization of PTEN-membrane interactions.
Experimental Approaches
Recent developments in membrane-mimetic model systems [99, 100] facilitate structural investigations of membrane-associated proteins in sample environments that capture the relevant features of biological membranes in highly simplified, well-controlled formats. The original designs of substrate-supported, planar bilayer membranes [101, 102] have been considerably refined in the past decade [100, [103] [104] [105] [106] , as it was realized that the chemical 'tethering' of membranes to an underlying substrate increases the robustness of the resulting model systems [107] . Systems have been reported in which bilayers are decoupled from solid supports by ultrathin, hydrated polymer cushions [108] [109] [110] [111] or short linear tethers of hydrophilic oligomers [112] [113] [114] . Both tethering approaches lead to the stabilization of well-defined hydrated cushion layers between membrane and carrier substrate [113] , important to maintain in-plane fluidity of the bilayers, to protect the protein from denaturation or aggregation following unspecific adsorption to the otherwise bare substrate surface and to permit the incorporation of transmembrane proteins [115] [116] [117] . A system developed in the Lösche group [113] , the sparsely-tethered bilayer lipid membrane (stBLM), is widely applicable for the biophysical characterization of lipid-protein interactions and is particularly useful for high-resolution neutron scattering investigations [115, 118] . Thiolated tether lipids [113, 114] , laterally diluted by coadsorption with β-mercaptoethanol to atomically flat gold films supported by Si or glass substrates, are used to anchor bimolecular phospholipid films. The lipid bilayers in stBLMs are essentially defect-free and hence highly insulating [113, 119] , as shown with electrochemical impedance spectroscopy [120] . Any bilayer platform that is used to study lipid-protein interactions by NR must be stable for the duration of the experiment and at the same, must mirror the in-plane fluidity of biological membranes. To combine both of these aspects in one model system has been a challenge for many years and arguably, stBLMs meet this crucial requirement like no other lipid model system:
1. Phospholipid bilayers in stBLMs are thermally disordered, exhibit in-plane fluidity and hence, resemble biological membranes in these aspects. Adsorbed peripheral proteins or incorporated membrane-spanning proteins [115] therefore reside in a near-natural environment. In fact, fluidity of the stBLMs leads to biological activities of associated proteins similar to those observed in biological membranes, as shown by measuring enzymatic turnover as a function of chain composition [121] .
2.
The resilience of stBLMs permits in situ manipulation of the sample, such as the exchange of the fluid buffer bathing the bilayer for isotopic contrast variation [113, 115] . This capability permits multiple subsequent NR measurements on the same physical sample. stBLMs, therefore, can be measured as neat bilayers, prior to protein incubation, with the protein adsorbed, and after a final rinse, with all measurements performed at a standardized series of 1 H 2 O/ 2 D 2 O buffer compositions. Thereby, even though the number of adjustable parameters in the NR experiments is large, this model system is still overdetermined because of multiple NR spectra independently measured with varying conditions. For example, it has been shown that the position of a protein reconstituted in the bilayer membrane can be determined with ≈ 1 Å precision if the internal structure of the protein is known [115] .
3.
The same lipid model system can be used for a variety of characterization techniques, such as surface plasmon resonance (SPR) [122] and electrochemical impedance spectroscopy [120] if the gold film that covers the carrier substrate is sufficiently thick (typically 100 nm). Fluorescence microscopy and fluorescence correlation spectroscopy (FCS), as well as NR, are compatible with thin gold films (typically 10 nm).
Neutron (or x-ray) scattering -in distinction to diffraction, which requires ordered molecular arrays as in a protein crystal -has the capability to characterize intrinsically disordered samples, including disordered membranes. NR and x-ray reflectometry are surface-sensitive variants of the generic scattering process that take advantage of the refraction and reflection of a beam directed toward an interface. These techniques are therefore particularly sensitive to the molecular structure near surfaces and interfaces. Their physical principles have been exhaustively covered. Significantly, because of the lack of phase information, the molecular structures that give rise to the scattering are most conveniently described in models whose parameters are adjusted to fit the experimentally observed results [96, 118, 123, 124] . In specular reflection, where incoming and outgoing wave vectors, k ⃗ in and k ⃗ out have the same overall length and in-plane component, the generic output of such models are scattering length density (SLD) profiles, i.e., projections on the surface normal z of the three-dimensional scattering length distributions.
For samples such as the stBLMs used to investigate protein interactions with phospholipid bilayers, the interfacial structure of the membrane system and its carrier in the absence on any protein is already fairly complex in the absence of any protein. A typical sample consists of a Si wafer that bears a sputtered chromium bonding layer and a terminal Au film (Figure 3) . Chemisorbed to the gold surface is a mixed monolayer of β-mercaptoethanol and thiolated oligo(ethyleneoxide) lipid. The lipid's hydrophobic chains intercalate the phospholipid leaflet proximal to the gold surface, thus tethering the membrane to the substrate, and the bilayer is terminated with a distal phospholipid monolayer.
Molecular dynamics (MD) simulations of wild-type PTEN were performed with the protein deeply embedded in buffer (≈ 74,000 TIP3P water molecules) and on a large patch of PC/PS bilayer membrane (≈ 104,000 TIP3P water and 648 lipid molecules). The CHARMM22/ CMAP and CHARMM36 parameterizations were used for the protein and lipid, respectively. Protein conformations started in the crystal structure of the truncated protein [45] with the clipped protein regions added back in energy-minimized conformations. The long (52 residues) C-terminal stretch was initially artificially extended into the buffer from the protein body, and the compact protein domains were located > 10 Å away from the membrane surface in roughly the expected orientation for membrane binding. Simulated annealing procedures were applied to equilibrate these initial structures followed by production runs in excess of 300 ns duration (Shenoy et al., submitted).
PTEN Affinity for Anionic Membranes
Used as biomimetic surfaces in SPR to quantify protein affinity to membranes, stBLMs have low unspecific protein adsorption because stBLMs exhibit low defect densities [71] . In a recent study of PTEN interactions with anionic stBLMs, we reported that the wild-type protein binds to PS-containing membranes with a dissociation constant, K d = 11.9 ± 0.4 µM, with binding curves evaluated as Langmuir isotherms. For membranes that contained PI(4,5)P 2 but no PS, K d = 0.4 ± 0.1 µM. stBLMs that contain both PS and PI(4,5)P 2 show pronounced synergy in protein binding and increased protein affinity by another order of magnitude. In three-component systems (PC:PS:PI(4,5)P 2 with the PI(4,5)P 2 as a minority component in the 1-3 mol% range), binding curves were reported to be bimodal with one K d = 40 ± 10 nM and another K d > 5 µM, with the latter value similar to that observed for stBLMs with PS as the sole anionic component. In all cases, protein loading depends on the amount of anionic lipid in the membrane, whereas K d does not. Specifically, bilayers that included 30 mol% DOPS in DOPC, with or without PI(4,5)P 2 , were observed to bind wildtype PTEN in amounts (B max > 150 ng/cm 2 ) consistent with the formation of a fairly densely packed monolayer of the protein that may be suitable for investigations with NR. Protein binding depended pronouncedly on bilayer fluidity. While the K d value reported above (K d = 0.4±0.1 µM) refers to stBLMs composed of lipids with unsaturated acyl chains (dioleoyl for PC and PS and purified natural PI(4,5)P 2 ), the affinity was at least a factor of 5 lower (K d ≈ 2 µM) to stBLMs composed of DPPC and DPPI(4,5)P 2 .
PTEN Density Distribution on stBLMs by Neutron Reflectometry
NR results for PTEN bound to bilayers composed of PC and PS, as well as PC and PI(4,5)P 2 , were recently reported for the wild-type protein and the H93R mutant, which is associated with autism [71] . Subsequently, all-atom MD simulations of membrane-bound wild-type PTEN were reported and complemented with simulations of the protein in buffer (Shenoy et al, submitted) . Because the simulations have so far not included PI(4,5)P 2 , we concentrate in this review on the structure of wild-type PTEN on PC/PS-containing bilayers and show how the combination of NR with MD results yields a reference structure for this important phosphatase on a fluid, thermally disordered membrane.
NR spectra were measured first for the pristine stBLM and then for the same lipid bilayer after protein binding. Since all data were collected on one physical sample, the spectra could be modeled with one consistent framework in which many parameters, for example those that describe the multilayered carrier structure, were shared between spectra. Because the structure of the membrane-bound PTEN protein is a priori unknown, its contribution to the overall neutron SLD (nSLD) profile was fitted with a set of spline functions. While these protein contributions were allowed to penetrate the bilayer structure, it was observed that they are only peripherally associated with the membrane surface in models that are consistent with the experimental data ( Figure 4) . The nSLD profile can be further interpreted to yield a tentative structure of the protein-membrane complex. The crystal structure of the truncated PTEN protein (from which residues 1-6, 286-309, and 354-403 are missing and a few more, residues 7-13, 282-285, and 352-353, are not resolved) could be placed on the membrane model in the orientation proposed by Lee and coworkers [45] and its projection scaled and overlaid on the experimental nSLD profile (dashed line in Figure 4) . This procedure provides an astounding agreement between the two projections in the region close to the bilayer surface (z = 0-35 Å in Figure 4 , where the z axis originates at the membrane surface), while the region further away (z = 35-60 Å) shows significantly higher nSLD, attributed to the PTEN protein, in the experimental profile. It was suggested [71] that the discrepancy between these densities is due to the truncations for the PTEN protein used for the crystal structure -most notably the C-terminal tail that constitutes the major part of the clipped protein sections, ≈ 20% of the total weight, and is predominantly anionic with 10 excess negative charges. It is then tempting to speculate that electrostatic repulsion keeps the unstructured, presumably flexible anionic C-terminal tail away from the acidic membrane surface. An inset in Figure 4 shows a schematic visualization of the structure of wild-type PTEN on the bilayer that is consistent with the data and displays the C-terminal tail in hypothetic conformations generated with a Monte-Carlo procedure [125] . In conclusion, the NR data on wild-type PTEN on a PC/PS bilayer in connection with the crystal structure [45] of the truncated protein suggest that (1) PTEN scoots on the membrane, (2) the crystal structure is indeed a good starting point for an atomic-scale interpretation and (3) that the Cterminal tail is tugged away from the bilayer surface in the membrane-bound protein [71] .
MD Simulations and Their Correspondence with NR Results
Subsequent to the NR investigations reviewed above, all-atom MD simulations of wild-type PTEN were performed on PC/PS bilayers and in solution (Shenoy et al., submitted) . Simulations of the membrane-bound PTEN (PC:PS = 2:1, as compared to a 7:3 mixture in the NR experiments) were initiated with the protein > 10 Å distant from the bilayer surface, and it settled quickly into a more stable position with the protein close to the lipid/buffer interface. At the same time the C-terminal tail, which pointed away from the protein core and the membrane initially, contracted and settled in a compact, yet highly dynamic conformation located near the face of the protein body that is distal to the membrane surface. The organization of the two core domains, C2 and phosphatase domain, and their mutual arrangement was conserved in the MD protein structure on the membrane but deviated slightly from the crystal structure. Overall, these deviations were too small to be resolved in NR measurements. Figure 4 compares the nSLD profiles derived from the averaged projections of the full-length protein on the local z axis as seen in the MD simulations with those derived from NR. Various partial protein components, i.e. the Cterminal tail, the phosphatase domain, and C2, as well as the sum of the two core domains as a visualization of a dynamic projection of the protein's truncated crystal structure are also shown in the panel. It is evident that the overall protein nSLDs derived from the simulations and from NR experiments corresponded to each other extremely well. The only adjustable quantity in this comparison was the amount of protein per unit area, which was different in both situations. On the one hand, this suggested that the parameterizations of both the protein and the lipid have matured to a performance where they can reproduce experimental situations without any "steering", even for highly charged bilayers. On the other hand, the observed correspondence corroborated the tentative interpretations of the NR results discussed in the previous section. In other words, the experimental and simulation results cross-validate each other and provide confidence in a reference structure of a partially disordered phosphatase protein associated with a thermally disordered lipid membrane at Ångstrom resolution.
Indeed, the MD simulations provided atomic-scale insight into structure and interactions of the protein with the membrane, and complementing simulations of full-length PTEN in buffer revealed important structural differences of the protein in these distinct environments (Shenoy et al., submitted).
1.
While the C2 domain led the docking of the core protein to the charged membrane by penetrating the lipid headgroups locally with its CBR3 loop and anchoring the protein firmly, there were also transient electrostatic interactions observed between the phosphatase domain and charged lipid headgroups. Electrostatic interactions provided the driving force for protein anchoring between a patch of cationic residues on CBR3 and PS, but hydrophobic contacts between M264 and K265 and PS glycerol backbones reinforced these interactions. As a result, specific PS-C2 contacts prevailed for the entire duration of the MD trajectory (> 300 ns). In distinction, electrostatic contacts between PS and the phosphatase domain were more dynamic, lasting only tens of nanoseconds in the simulation.
2.
Lipid diffusion was severely restricted by PTEN binding. While the diffusion coefficient derived from the simulation was D = 7.5 µm 2 /s for phospholipids in the absence of protein, it was reduced to 3 µm 2 /s and 1.5 µm 2 /s for DOPC and DOPS, respectively, for lipids in the footprint of the protein.
3.
The simulation also suggested that both the solution and the membrane-bound structures of the PTEN core differ slightly from the published crystal structure. While the solution structure was on average slightly more closed, the protein flattened upon binding to the membrane surface, thus locating the substrate-binding pocket closer to the lipid headgroups. An analysis of the flexibility of the protein core suggested that the phosphatase domain's pα1 helix is the hot spot of displacements with average deviations of the Cα positions of > 3 Å from those in the crystal structure (Shenoy et al., submitted). Generally, the observed deviations from the crystal structure are too small to be resolved in NR measurements.
4.
The most significant difference between the solution and membrane-bound structures of wild-type PTEN concerned the C-terminal tail and provided a functional scenario that might implement a control mechanism of the membrane binding of the phosphatase, and hence of its activity (Shenoy et al., submitted) . While the tail was displaced from the membrane in the MD simulations, presumably by repulsive electrostatic interactions between the anionic membrane surface and the anionic excess charges on the peptide, it wrapped tightly around the C2 domain in solution, leading to a more compact, globular structure of the protein, as illustrated in representative simulation snapshots shown in Figure 5 . The tight "hugging" of the C2 domains leaves the dangling tip of the C-terminus in a position where it obstructs the membrane-binding interface of the core domains. While the conformation of the flexible tail is apparently reversible upon membrane binding of the protein (Figure 5A ), it might be locked into place through phosphorylation of the tail. The right hand side of Figure 5B shows various known Thr and Ser phosphorylation sites. In particular S380 and S385 are located on a prominent kink in the tail as it wraps around the C2 domain, suggesting that it could be very well amenable to phosphorylation.
Reference Structure for a Membrane-Bound Phosphatase
Progress in the structural characterization of membrane-bound proteins on thermally disordered, fluid lipid bilayers has been made by combining neutron scattering experiments on dedicated sample formats with all-atom MD simulations. The studies reviewed here provide a reference structure for a phosphoinositide-specific phosphatase and provide a first atomic-scale glimpse into the mechanics of the membrane binding of the PTEN tumor suppressor. Moreover they suggest a mechanism that could provide a control of the membrane association, and therefore the activity, of this important regulatory enzyme in the PI3K/Akt signaling pathway.
Summary and Future
PI(4,5)P 2 is a major component for signaling by several mechanisms. It is the source of PI(3,4,5)P 3 and Ins(1,4,5)P 3 . Furthermore, PI(4,5)P 2 is localized in the PM where a number of integral and peripheral membrane proteins can bind it. We have chosen PTEN as an example for this mechanism of regulation. The lack of structural data has been a major impediment in understanding how PI(4,5)P 2 activates PTEN. Although just a first step, we summarize how NR can provide structures for membrane-bound proteins in their natural, disordered membrane environment. In combination with NMR and x-ray crystallography, this technique perhaps offers great promises to understand how PI(4,5)P 2 controls PTEN activity and, consequently, many downstream physiological processes. Synthesis and functions of PI(4,5)P 2 . The route of synthesis of most cellular PI(4,5)P 2 from phosphatidylinositol (PI) via the sequential actions of PI and PI(4)P is shown. Two routes of receptor-stimulated metabolism of PI(4,5)P 2 are also shown, being further phosphorylated to PIP3 by class I PI 3-kinase and being cleaved to form IP 3 and diacylglycerol (not shown) by the action of Phospholipase C. For clarity, these reactions are shown within the same membrane compartment, but although all are present on the plasma membrane, PI, PI(4)P and both PI4K and PIP5K activities are abundant on intracellular membranes and the metabolic relationship between these cellular pools is unclear. Some of the recognized functions of PI(4,5)P 2 are indicated by a dashed line, reflecting the reversible binding of the lipid to proteins that include many small GTPases of the Ras superfamily, ion channels, actin binding proteins, and the tumor suppressor phosphatase PTEN. PTEN binds to multiple anionic lipids in biological membranes. The N-terminus domain binds PI(4,5)P 2 , whereas the phosphatase domain binds its substrate PI(3,4,5)P 3 . The C2 domain binds anionic lipids such as PS. The C-terminal tail is presumed to have regulatory functions. Exemplary NR data set (proportion of reflected neutrons vs. momentum transfer, q⃗ z = k ⃗ out − k ⃗ in ) and its interpretation in terms of the thermally broadened distribution of a molecular fragments across the interface between a gold film on Si and aqueous buffer. Shown is an stBLM with its bilayer composed of (chain-deuterated) DMPC (dimyristoylphosphatidylcholine) [123] . The NR of the stBLM (inset) has been measured in D 2 O, H 2 O, and a mixture of the two with a neutron SLD (nSLD) of 4×10 −6 Å −2 , termed 'CM4'. A model was then refined by simultaneously fitting three data sets. The resulting decomposed nSLD profile is shown in the main figure. For clarity, distributions of the lipid methyl groups in the bilayer center and the glycerol backbone of the tether lipid, which were also quantified in the model, have been omitted in the plot. By accounting for the chemical connectivities and volumes of the molecular subfragments shown in the distributions, the parameter space could be greatly deduced, so that the decomposed nSLD profiles can be determined with high confidence. Neutron scattering length density distribution of a PC/PS stBLM with bound wild-type PTEN from experimental results (red) and its interpretation (A) in terms of placing the crystal structure of a truncated PTEN variant [71] and (B) in terms of all-atom MD simulations (Shenoy et al., submitted). The shaded blue band indicates the confidence intervals around the best-fit model (red line) determine by Monte-Carlo data resampling [114] . The inset in panel A shows a PTEN model based on the crystal structure placed on the bilayer with a few alternate conformations of the C-terminal tail (colored red, yellow, green, and blue) that are consistent with the experimental nSLD profile. All-atom MD simulation snapshots of wild-type PTEN on a PC/PS (2:1) membrane (A) and in solution (B). For clarity, water molecules and dissolved ions (100 mM NaCl) are not shown. The general organization of the two core domains, C2 and phosphatase domains, is very similar, but in the membrane-bound structure, the protein is slightly more flattened against the membrane surface. Both core protein structures differ slightly from the crystal structure [45] . The flexible C-terminal tail (red), which is absent in the crystal structure, shows grossly different organization on the membrane-bound and the dissolved protein. On the membrane-bound protein, the net negatively charged tail is electrostatically repelled from the anionic bilayer surface (A). In distinction, it wraps around the C2 domain in solution and obstructs the membrane-binding interface partially (left in panel B). In the rotated view (right in panel B), Ser and Thr residues are shown in blue and maroon, respectively. Known protein phosphorylation sites such as S370, S380 and S385 are located in exposed positions on the tail and well amenable to phosphorylation. In particular S380 and S385 define a prominent kink in the wrapped tail, which suggests that phosphorylation could lock this conformation in place.
